The particular character of the welding arc working in pure argon, which emission spectrum consists of many spectral lines strongly broadened by Stark effect, has allowed to measure, sometimes for the first time, the Stark parameters of 15 Mn I and 10 Fe I atomic spectral lines, and to determine the dependence in temperature of normalized Stark broadening in N e = 10 23 m -3 of the 542.4 nm atomic iron line. These results show that special properties of the MIG plasma may be useful in this domain because composition of the wire-electrode may be easily adapted to needs of an experiment.
Introduction
The knowledge of absolute value for Stark parameters is crucial in many fields of science and technology. For instance, Stark parameters and oscillator strengths are indispensable in simulations of radiation transport in dense plasma in laboratory and of astrophysical origin. Another class of applications is related to direct dependence of Stark broadening on electron and ion concentrations. This dependence enables determination of electron density N e by measuring emission or absorption profiles of the spectral lines. Such diagnostic method can be applied only when Stark broadening was either theoretically calculated or determined in independent experiment where N e was determined by another method. In this frame, since 1976, the NBS/NIST (U.S.A.) has published a few compilations of experimental Stark broadening parameter appearing in the literature [1] [2] [3] [4] [5] , estimating the accuracy of published data.
Researches on the emission spectrum of metallic elements, and in particular on the determination of Stark broadening and displacement of spectral lines, are very difficult because of the need to introduce the atoms to be analyzed in the middle of the discharge zone. In general, in the case of the plasmas used in laboratory, that is not simple and induces important problems of demixing effect that are difficult to solve. This difficulty mainly explains the absence of experimental data available in the literature. And yet the knowledge of the Stark parameters of atom and ionic spectral lines is of considerable importance, either for the diagnosis of laboratory plasmas or for the knowledge of the plasma-producing mediums studied in astrophysics.
In the gas metal arc welding (GMAW) processes, an arc discharge between a consumable solid metal electrode and a weld pool is used. The wire-electrode, liquid metal transferring inside arc and weld pool are protected against air by a shielding gas flux: an inert gas in the case of the MIG (Metal Inert Gas) welding or a chemically active one in the case of the MAG (Metal Active Gas) process. These welding methods are used in all sectors of activity to assemble all grades of metal (ferrous and non-ferrous). The schematic description of the welding torch is presented in Figure 1 .
The MIG type discharge was not considered until now as a plasma source which could be applied to the measurement of the Stark parameters of spectral lines. That is hardly astonishing, if one takes into account the actual lack of knowledge concerning the phenomena which occur in this type of plasma, the questions of the validity of the local thermodynamical equilibrium in such plasmas (that is generally required to use the classical optical emission spectroscopy methods to diagnose the medium -See discussions in different papers of this issue, for example by F.Valensi et al [6] ) and more particularly, the absence of experimental data relating to the distributions of electronic temperatures T e and density N e in the plasma-producing medium. These two parameters strongly depend on the nature of shielding gas and chemical composition of the electrodes used.
Conditions of measurement
The experimental system is presented in [7, 8, 9] . Here we present only most important points (See Figures 1 and 2). The plasma was generated by a welding set SAFMIG 480 TRS PLUS equipped with a SAFMIG 480 TR 16 kit. The wire-anode used in our experiments was a mild steel consumable electrode (AWS A5.17 -See composition in Table 1 ) with a diameter of 1.2 mm. The workpiece, that plays the role of cathode, is a mild steel metal plate (EN 10025 S235 JRG2) with section of 30×8 mm and 300 mm length : its composition is given in table 1. During the welding, a micrometric table driven by step motor ensured the displacement of the workpiece (cathode) with horizontal velocity 4 mm.s -1 . The measurements of voltage U arc between the electrodes and arc current I arc were carried out by a differential voltage probe and current probe (Hall effect transducer). These characteristics of discharge were stored by a numerical oscilloscope.
The power supply worked in the constant current mode, with the same parameters for all measurements. Measurements were performed for pure argon as shielding gas with a flow of 20 L.mn -1 , and the average current was set at I average = 326 A. The average value of the voltage U average was close to 36.0 V. In these conditions, the wire speed was fixed to v wire = 9 m.mn -1 . Pictures of the plasma were taken by the fast camera. For all experiments measured averages values of the current was stable within 0.5% and the voltage value changes were smaller than 1%.
The observation of the shape oh the plasma and the recordings of the pictures' sequences, were performed with fast camera equipped with photodiodes matrix (see Figure 3 ). A narrow bandwidth (3 nm full width at half maximum) interferential filter centered at 468.8 nm in front of the camera's objective was used to limit the light intensity and spectral bandwidth in order to get an indication on the metal vapours repartition [10] . In this wavelength window, only metal lines can be observed, such as iron or manganese, and the argon continuum can be considered as proportional to the square electron density. The pictures obtained can then give information not only on the plasma components reparation but also on the current flow geometry. For spectroscopic measurements we used an Ebert type grating spectrometer, with a resolution equal to R = 150000 and reciprocal dispersion of about 0.2 nm.mm -1 , equipped with an intensified two-dimensional CCD array of 512×512 contiguous photodiodes (effective size: 24×24 µm), which recorded about 4 nm range of the spectrum. During each experiment about 15 pictures of selected spectrum was recorded, with the CCD exposure time from 50 to 300 ms and delays about 260 ms between consecutive expositions. Configuration of the spectrometer causes a tilt of spectral lines on the CCD picture ( figure 4 ). It was numerically corrected before data were used for calculation. Optical system with the Dove's prism turned the image of the discharge at the entrance slit of the spectrometer by 90 0 . The width of the entrance slit of the spectrometer was set to 20 µm, corresponding to its normal value for wavelength of 400 nm. Spectroscopic measurements were perform for a plasma layer at the distance h = 4.5 mm from the cathode.
An independent experiment consisted of the following sequence: selection of experimental parametersplasma was switched on for about fifteen seconds -all data were recorded for stable conditions of discharge -plasma was switched off.
In the chosen working conditions, a stable axial spray transfer mode ("spray-arc") of the melted metal from wire electrode is observed [6] [7] [8] [9] : the droplets have a diameter smaller than the wire's, and their frequency of detachment is about 100 Hz (see Figure 3b ). One difficulty with this type of plasma is the possible transfer in the arc column while recording, of a drop of melted metal that hides the plasma radiation. But such case is still clearly visible: it results in a dark area in the center of the recordings, both lines of iron lines of argon. Then, the corresponding record is rejected and repeated.
For different experiments, we observed large changes of the light intensity. It was caused by fumes produced by the discharge. Nevertheless, for given experimental conditions, intensity ratios and lines profiles (widths and positions) for different spectral lines were well reproducible (see [7, 8, 9] ).
For further processing the most suitable data were selected, with the best axial symmetry and without clear evidence of melted metal drop passage.
In order to determine the most suitable spectral lines for our measurements we registered the emission spectrum of the MAG plasma with Ar + 2.3% vol of CO 2 , at the distance of h = 4.5 mm from the cathode ( Figure 5 ). Observed spectral lines were identified with help of tables published by NIST [11] and by compared with the spectrum of iron published by Allen [12] . Several factors determining broadening of a spectra line one may group into two categories, giving lorentzian and gaussian contribution to the line shape. Apart broadening mechanisms existing in a plasma, the observed line profile is also broadened by the applied spectroscopic device. So called apparatus function is convoluted to the line profile and enlarges the measured one. Deconvolution of apparatus function from measured line is relatively easy to do if the function is known. In our case, for the apparatus function determination, the low-pressure spectral lamps were applied, and the full-width at half-maximum of apparatus function for the 696.543 nm Ar I line equals to (0.72±0.02)×10 -2 nm and for the 538.33 nm Fe I line equals to (0.94±0.02)×10 -2 nm.
In the case of Fe and Ar spectral lines emitted from the MIG-MAG plasmas one may systemize these factors in a following order:
(1) Symbols denote full line width at half maximum of: natural, van der Waals, Doppler, apparatus and Stark profile, respectively. The natural width ∆λ N of a line is related to the lifetime of the levels connected by the transition and only the ground level of the atom remains quasi-infinitely narrow, as its lifetime is quasi-infinite. In the theory proposed by Wigner and Weisskopf, the natural profile is a lorentzian. In the case of iron, the lifetimes of the upper and lower levels of the transition at 538.4 nm are respectively 12.8 ns and 11.6 ns [13] , and the natural width of the iron line is then around 2.5×10 -5 nm, while that for the 696.5 nm argon line is 9.5×10 -5 nm [14] : they are negligible in comparison with the widths measured experimentally for arc plasma sources.
Pressure broadening results from different processes of elastic or inelastic collisions which can take place in the medium. The collisions limit the lifetime of the excited level of the radiating atom, and lead also to a lorentz-type profile [15] . Especially, in our conditions, the Van der Walls broadening (due to neutral disturbers) could be estimated to 10 -3 nm and 10 -5 nm for the 696.5 nm Ar I and 538.3 nm Fe I lines respectively. Conditions to observed resonance broadening, that results from the collisions with energy exchange between two identical particles in different levels if one of them is connected to the ground state, are not obtained in our experimental conditions, and this type of broadening can be neglected.
The Stark broadening occurs due to the interaction of the emitter with charges particles: the resulting line profile is of lorentzian type with full-width at half-maximum λ S quasi-proportional to the electron density and almost independent of the plasma temperature. Finally, the lorentzian part of the line profile may be written as:
(2) and is dominated by the Stark effect because in our case
Doppler broadening is a consequence of atoms and ions moving in a medium of temperature T. If the velocity function distribution is supposed to be maxwellian, the line profile has a gaussian shape with the full-width at half-maximum
where λ is expressed in nm and m in atomic units. Then, the gaussian part of the line profile may be written as:
When the temperature 11000 K, the full-width of Doppler broadening for the 696.543 nm Ar I line close to 1.15×10 -2 nm and for the 538.33 nm Fe I line close to 1.08×10 -2 nm. Generally, in our experimental conditions Doppler broadening may be regarded as a small correction in comparison to the one caused by the Stark effect.
In our case three broadening mechanisms should be taken into account: the Stark effect caused by electrons, the apparatus function and Doppler effect. Other contributions are much smaller.
The Abel inversion for side-on measurements
In each experiment, a thin slice of the arc column at the distance h from the cathode, was observed side-on. The image of the plasma formed by the optical system on the entrance slit of the spectrometer was rotated by 90 degrees by the Dove's prism. This way we could record on the CCD array the transversal light distribution of a thin (15 µm) plasma layer perpendicular to the arc axis at selected distance from the weldpool. As it is well known, in order to obtain the radial distributions of a spectral line profile (r), from integrated along the direction of observation y measured intensity I (y), the Abel inversion procedure (inversion) should be applied [16, 17] . In this experiment, Abel inversion was only applied for the plasma diagnostic purposes (on 696.5 nm Ar I line and 538.3 nm Fe I line -see next section) and one another of Fe I spectral line (see section 5). We paid a special attention to determination of the plasma column symmetry axis position and size. Nevertheless, our results are certainly less precise than it would be in a case of more stable and symmetric plasma source, like stabilized electric arc. For these reasons, we enlarged uncertainty limits of our results.
Plasma diagnostics
For some spectral lines, knowledge of the Stark component s of the line profile permits to determine free electrons density N e of the plasma if the Gaussian part may be "subtracted" form the measured line profile. Spectral lines of Ar I in our plasma are broadened mainly by the Stark effect and have in principle the lorentzian profile ( A << S ). For the Fe I lines situation is different because the Stark broadening is comparable to the apparatus function. In this case, in order to extract the Stark component of the measured profile, we used a numerical procedure with apparatus profile previously measured.
Sola et al. [18, 19] applied a diagnostic method which permits to obtain simultaneously the temperature and free electrons density, without applying a hypothesis concerning the equilibrium state of the plasma. Application of this method implies the good knowledge of dependences of the Stark broadening of two spectral lines on free electron density and temperature. For this purpose we have chosen: the 696.5 nm Ar I line, corresponding to the transition 4p'[1/2]-4s[3/2], and 538.3 nm Fe I line corresponding to the e 5 H-z 5 G°t ransition. These two lines are strongly broadened in the welding arc plasma and dependences of they profiles on temperature are different: where : ∆λ S Ar and ∆λ S Fe are in nm, N e in m -3 , and T e in K (the underscripts correspond to the uncertainties on the coefficients given in the references [20] and [8] , for the argon and iron lines respectively). In these conditions, if we can measure ∆λ S Ar and ∆λ S Fe in the same point r of the plasma column, we have: Then, it is easy to obtain N e (r) using one of the equations (5a). The plasma diagnostics procedure as well as discussion of results may be found in our previous paper [7, 8, 9] . 
Measurement of the Stark width and shift for some Fe I and Mn I lines.
When pure argon was used as the shielding gas, we observed unusual distribution of emitted spectral lines. As we may see on the picture taken be the fast camera (see figure 3 and figure 6 ) the arc plasma was composed of two zones. The bright one in the centre has the form of a cone and is surrounded by a peripheral zone of much smaller brightness. In the bright zone of discharge spectral lines of metals (Fe, Mn, Co, Cu) were very intense, strongly broadened and shifted. In the outside zone the same lines were very narrow, not shifted and weaker ( figure 6 ). Like we can see on figure 6 , the width of the bright zone in the picture recorded by the fast camera corresponds almost exactly to the height of the Fe line from the CCD camera (the image of the discharge was rotated by 90 0 ).
We noticed on pictures taken by CCD camera that for both zones, Fe I spectral lines width and position seem to be rather independent of the distance from the arc centre, as in case of lines emitted from uniform plasma. Transition between zones takes place at very short distance in comparison with dimensions of both zones. It may be observed in figure 7 where the Stark width and position of the line centre for the 485.97 nm Fe I line are shown. The half-width and position of line were determined without the Abel transformation. For the plasma layer of the plasma observed in this experiment we determined the radial distribution of temperature and free electrons density (figure 8). Description of applied plasma diagnostic method and results may be found in [7, 8, 9] . It may be noticed that in the bright zone (shadowed in the figure 8b) the free electron density is almost the same and temperature changes very little, what gives as a result quite the same Stark half-with of line profile.
Pictures recorded by the fast camera (figure 3) and spectrum obtained with CCD camera (figure 8a), the measured radial distribution of free electrons concentration (figure 8b) and dependences shown in figure 7 , indicate that inside the bright zone we have almost uniform plasma suitable for measurements of Stark parameters. Intense spectral lines of metallic plasma components contain only a small contribution of the same lines emitted form the outside zone, which are much weaker, narrower and not shifted.
Taking into account all these reasons, we were able to measure Stark widths and shifts for several spectral lines of Mn I and Fe I. We found the plasma region between 0.82 to 1.35 mm from the arc axis, what corresponds to 10 pixels of detector, as the most suitable for our measurements. For this plasma region, differences between results for the 538.3 nm Fe I line, with and without the Abel inversion did not exceed 2%.
Possibility of registration of a spectral line profile far away from the arc axis, were temperature and free electrons concentration were much smaller then in the centre, allowed us to measure spectral lines shift. Supplementary motivation was lack of such data for Mn I and very few results for Fe I in the literature.
For each experiment CCD camera registered the same spectrum fifteen times during stable phase of plasma discharge. For calculation of Stark parameters we used ten added spectra, what permits to improve a signal to noise ratio. Measurements were performed for 15 Mn I and 11 Fe I spectral lines. We measured only lines strong enough far away from the arc centre, for which a good quality Voigt profile could be fitted. Using known T e (r), the Doppler width for a line was calculated. As the apparatus function was known (measured), the gaussian contribution to the measured spectral lines could be subtracted from the measured profiles. Voigt's profile was fitted to the measured line profile with known gaussian component. As a result, the lorentzian part of the Voigt profile was determined as well as position of the line maximum.
Data on the lifetimes of levels of FeI and MnI are not complete, and it is difficult to estimate the natural broadening of the analyzed spectral lines. However, based on the conclusions of O'Brien [13] , we may assume that the natural broadenings are around 10 -5 nm and can be neglected. Moreover, for all the lines considered, none of the transition levels is in resonance with the ground state: it is therefore quite justified to neglect the influence of the resonance broadening on the width of the emission lines. Then, we have not taken into account the influence of van der Waals effect, which induces a broadening within the measurement uncertainties.
Finally, value of the lorentzian component of the total half-width was taken as a good approximation of the Stark width. Difference of position of the line, for far away and near centre zones, was taken as the line shift for given T e and N e . With exception of the 542.41 nm Fe I line for which we decide to study the dependence of normalized Stark width as a function of temperature (see next section), data were not processed with Abel inversion.
Resonance transitions, with large transition probability, were strongly reabsorbed; for this reason we eliminated from measurements not only resonance transition but also other ones which could be suspected for self-absorption. For selected lines there is no direct way to determine possible degree of self-absorption.
Thus, we applied a numerical method which consists on fitting a Voigt profile to experimental data twice. First fit is calculated for all measured points, for the second fit points close to the line maximum (above halfmaximum) are not taken into calculation. Results of this procedure for the 538.34 nm Fe I line are shown in figure 9 . Complete discussion on the data evaluation can be found in references [7] [8] [9] . Values of concentration of free electrons, temperature, Stark half-width, and position of the line profile maximum were determined for as weighted averages for 10 points (pixels) at the distance from the arc axis from 0.82 mm to 1.35 mm.
Statistical errors of these values were calculated as the standard deviation. In the case of ∆ S and ∆ D errors were enlarged with uncertainties coming from numerical procedures and reproducibility of the plasma condition for independent experiments. The Stark shifts were calculated with assumption that lines in the second zone, far away from the arc center were not shifted. An uncertainties coming from this assumption is not larger than 5%.
Statistical errors of T e and N e are not large and equal to 4.5% and 3.5%, respectively. However, we should take into consideration uncertainties of the plasma diagnostics, especially taking into account the systematic errors linked to the used coefficients introduced in equations (5a) and (5b). Then, as it was discussed in [7, 8, 9] , uncertainties of these values are not larger than 15% and 20%, respectively. Results of our measurements are shown in table 1, for Mn I lines and table 2 for Fe I transitions.
[nm] The 542.41 nm Fe I line, corresponding to transition 3d 7 ( 4 F)4d → 3d 7 ( 4 F)4p, belongs to the multiplet (e 5 H → z 5 G), the same as for the 538.34 nm Fe I line applied to the plasma diagnostics: their characteristics are given in the Table 3 . Taking into account regularities of Stark parameters among lines of the multiplet [22] [23] [24] [25] , we decided to check consistency of our results by comparing Stark dependence of normalized Stark width as the function of temperature.
Data for the 542.41 nm Fe I line were elaborated the same way, with the Abel transformation and fit of the Voigt profile, as for the 538.34 nm Fe I line. The dependence of the normalized Stark width for the investigated line on the temperature is shown in figure 10 . The Stark shift for this line was determined with previously described procedure.
[nm]
Transition
Multiplet (6) where : ∆λ S Fe is in nm, N e in m -3 , and T e in K. The calculated values for the exposure (1.6551) and the proportionality factor (0.3612) are comparable to that obtained for the 538.34 nm Fe I spectral line (1.6700 and 0.2648 respectively -cf eq. (5)).
Moity [26] has analyzed the evolution of Stark broadenings ∆λ S of the Fe I spectral lines according to the electronic density N e for temperature of 8000 K. He carried out its measurements by using a discharge of the shock-tubes type in a mixture of neon with 5% of iron-pentacarbonyl Fe(CO) 5 He determined the Stark constants C 4 for twenty lines of atomic iron. In particular, he proposed for the 542.41 nm Fe I spectral line, C 4 =1.42×10 -14 cm 4 .s -1 with accuracy of 22%. Applying these results to the temperature of 8000 K and electron density close to 10 23 m -3 , we obtain ∆λ S = (13.0±1.9)×10 -2 nm: This value is in agreement, within the limit of measurement uncertainties, with our results (cf. Figure 10 ). 
This value is considerably different from that which we obtained. It should besides be noted that the analysis of the results published by these same authors in the same source, for other spectral lines (538.34 nm, 541.5 nm, 541.1 nm), clearly shows a similar tendency: normalized Stark broadening proposed by the authors, are considerably higher than those obtained for example by Lesage [21] at higher temperatures. Then, it is probable that it is necessary to take into account the introduction of a systematic error in their results.
Conclusion
Investigation of metallic elements emission spectra is difficult because of problems with introduction of metal atoms into plasma sources, uniform or with an axial symmetry, suitable for spectroscopic measurements. This is the main reason of pour knowledge of Stark parameters for these kinds of spectral lines. At the same time, knowledge of the atomic constants is important for many applications in laboratories as well as in astrophysics. The GMAW plasma was not yet considered as a light source suitable for the Stark parameters measurement. Results of our measurements show that special properties of the MIG plasma may be useful in this domain because composition of the wire-electrode may be easily adapted to needs of an experiment.
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